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Abstract
Samples of EA 934 epoxy, manufactured by ICI/Fiberite, 
were evaluated for their ability to withstand electron 
radiation. Samples of this space-certified material, 
containing varying quantities of crystalline and amorphous 
boron additives to facilitate nucleon absorption, were oven- 
dried to constant weight and subsequently divided into two 
groups. One group was irradiated with 1 MeV electrons, while 
the other group served as controls. The samples were 
subsequently examined with dynamic mechanical analysis in 
order to obtain frequency, damping and tensile modulus data as 
a function of temperature. The frequency information then was 
used to determine the glass transition temperature (Tg) for 
each sample. Comparisons of the Tg and the damping maximum 
for different samples were utilized to qualitatively access 
how material properties vary according to sample composition, 
and how these properties are altered by irradiation.
The results showed that both the Tg values and those of 
the damping maxima were increased through the addition of 
boron additives. By contrast, irradiation produced virtually 
no change in the Tg's, yet produced a significant lowering of
the damping maxima.
x
Chapter I 
Introduction
1.1 Background
The excellent mechanical properties of epoxy resins 
have led to their widespread use in applications requiring 
high stress and temperature resilience.1 Success in these 
applications has suggested the use of these materials in 
situations requiring performance in more extreme environmental 
conditions. In particular, the toughness and fatigue 
resistance of these materials has suggested their utilization 
in functions involving continuous radiation exposure.2 Among 
these are the proposed use of epoxy-boron composites for 
cosmic radiation and neutron shielding in aerospace and 
nuclear applications, respectively.
Radiation exposure has potentially adverse effects on 
epoxy structure and function. Bond cleavage induced by energy 
absorption often changes chemical structure and gross material 
properties. The severing of main chains and crosslinks, which 
produces a general reduction in the molecular weights of 
polymeric species, greatly reduces resistance to temperature 
and mechanical stress.3 Alternatively, increases in molecular
weight produced by radiation-induced crosslinking of uncured 
epoxy linkages can produce brittleness and thus also lead to 
loss of stress resilience. Additionally, radiolysis often 
generates highly reactive, mobile species such as free 
radicals and ions which propagate through the matrix, extend­
ing the damage. The overall susceptibility of epoxy resin to 
radiation damage is of particular importance in cosmic ray 
shielding since, in addition to diminishing shielding effec­
tiveness, loss of integrity would also compromise other vital 
functions such as heat resistance and endurance to reentry 
stresses.
The addition of boron additives to the epoxy matrix can 
also significantly alter material properties. Since inorganic 
materials generally possess higher moduli than polymers, 
blending the two substances generally enhances material 
toughness and durability. However, since boron particulates 
exhibit clumping tendencies when incorporated into liquid 
resin, standard fabrication techniques often produce compos­
ites possessing poor cohesion between the matrix and the 
inorganic phase, which in turn diminishes material rigidity 
and stress resilience.
Accordingly, before epoxy-boron composites can be 
employed in any of the myriad proposed applications, it is
2
necessary to accumulate a detailed knowledge of radiation 
effects and mechanisms, and to determine the ultimate toler­
ances of these materials to environmental insult through 
sustained radiation exposure, stress, and elevated tempera­
tures. Therefore the present study utilized dynamic mechani­
cal analysis (DMA), which measures changes in material 
properties in response to sustained stresses and continual 
temperature elevation, to make a preliminary assessment of how 
sample composition and particulate radiation affect and alter 
the mechanical properties of boron-epoxy composites. Specifi­
cally, samples of EA 934 epoxy, containing various percent 
compositions of amorphous boron, crystalline boron, or boron 
carbide, were examined with DMA in order to determine how 
material properties varied with composition and irradiation, 
through an examination of glass transition temperature, 
frequency, and damping data.
1.2 Epoxy EA 934
EA 934 is an epoxy resin manufactured in the hot melt 
by the ICI/Fiberite company. This material consists of the 
tetraglycydyl ether of methylene dianiline (TGMDA), shown in 
Figure 1.1, and a crosslinking agent, diaminodiphenyl sulfone 
(DDS), shown in Figure 1.2.
3
The EA 934 epoxy possesses the excellent functional 
qualities characteristic of extensively crosslinked epoxy 
resins. The high elastic modulus provides the material with 
toughness and rigidity and imparts resilience to sustained 
mechanical and impact stresses. The material is also resistant 
to fatigue and chemical attack, is tolerant of temperature 
extremes, and possesses high electrical resistivity.4,5
The excellent mechanical and chemical qualities of the 
material ultimately derive from its chemical structure. The 
phenyl rings in the backbones and crosslinks impart rigidity 
and resistance to deformation, both by sterically hindering 
chain slippage and rotation and by promoting intermolecular 
cohesion through attractive through-space effects. The superb 
chemical stability of the material is largely a function of 
the high resonance energies of the aromatic substituents and 
the exceptional oxidative stability of the sulfonyl cross­
links. The extensive network of crosslinks also greatly 
enhances toughness and resistance to mechanical and chemical 
weathering by rigidly anchoring matrix elements, thereby 
further blocking chain slippage and promoting the mending of 
severed linkages, and by inhibiting the diffusion of reactive 
species through the matrix. The slight rotational freedom 
provided by the nitrogen-carbon bonds in the backbone serves 
to absorb shock and provide impact resistance, while the
4
overall substantially aliphatic character of the TGMDA units 
raises the energy of the conduction band, imparting high 
electrical resistivity.
The structural features that endow EA 934 epoxy with 
its good mechanical properties also render it extremely 
resistant to radiation damage. As with resistance to mechani­
cal and chemical weathering, the immobility and density 
produced by extensive crosslinking inhibit bond scission and 
provide a substantial barrier to the penetration of particu­
late radiation and radiolysis products. The aromatic and 
sulfonyl components of TGMDA and DDS serve to localize and 
reduce the reactivities of radicals and ions produced by 
energy absorption. The EA 934 epoxy is also a good neutron 
moderator. Momentum transfer between free neutrons and 
hydrogen and carbon in the matrix serves to reduce fast 
neutrons to thermal energies, facilitating their eventual 
absorption.
The EA 934 epoxy also possesses good processing quali­
ties. Because TGMDA and DDS react without producing by-pro­
ducts, the resin maintains constant volume during curing.6 
The fluidity of uncured TGMDA that results from its low 
molecular weight greatly facilitates fabrication and promotes 
thorough wetting of additives, producing composites with good
5
interphase cohesion and generally low void content.7
1.3 Nucleon Absorption by Boron-Epoxy Composites
The addition of boron additives to epoxy resins greatly 
enhances their ability to withstand and absorb nucleonic 
radiation. These properties are conferred by the low atomic 
weight of boron, which makes it a good neutron moderator, and 
by the special nuclear properties of its two stable isotopes. 
Specifically, these properties are the exceptionally high 
neutron capture cross section of 10B and the readiness of nB to 
undergo a nucleon replacement reaction, nB (p,n) nC.8,9 The 
effectiveness of boron in controlling nucleonic emissions has 
long been recognized by the nuclear industry and is reflected 
by the commonplace use of species such as boron carbide and 
boric acid as neutron moderating materials in fission reac­
tors.10 Their effectiveness in this application, together with 
the refractory properties of boron, has suggested that 
incorporating refractive boron additives into cured epoxys 
would produce a novel class of rugged, wear-resistant materi­
als, possessing both the exceptional nuclear properties of 
boron and the excellent mechanical qualities of both species, 
from which versatile, superior nucleonic shields could be 
manufactured.
6
The mechanisms by which boron-epoxy composites absorb 
nucleons are best illustrated through an examination of cosmic 
ray shielding processes. Cosmic rays are mostly composed of 
protons and alpha particles accelerated to GeV energies by 
various high energy stellar and galactic processes. Because 
of their high kinetic energies, these particles easily 
penetrate relatively low density materials such as boron-ther- 
moset composites. Once inside, the alpha particles are slowed 
and eventually stopped through nuclear collisions and elec­
tronic interactions more easily than the less massive, singly 
charged protons. While the hard boron additives also diminish 
the ranges of the alpha particles, their primary function is 
to absorb the more penetrating, more dangerous, protons. Upon 
encountering UB nuclei, the protons are absorbed, stimulating 
the release of fast neutrons. While the neutrons are more 
penetrating owing to their electrical neutrality, they are 
also susceptible to thermalization. Specifically, momentum 
loss during elastic and inelastic collisions with lower atomic 
mass components in the matrix and inorganic phase (H,B,C) 
gradually reduces fast neutrons to thermal energies.11 The 
thermal neutrons are more susceptible to capture by the strong 
nuclear force and are absorbed by 10B nuclei. The excited 
nuclear state created by neutron absorption rapidly fissions, 
producing a 7Li nucleus, a low energy alpha particle and a 
gamma-ray photon.12 The lithium and helium are quickly stopped
7
by the matrix, while the gamma rays frequently penetrate 
through the sample. Ironically, the immense penetrating 
ability of gamma radiation renders it less hazardous than 
highly penetrating particulate radiation since, lacking both 
mass and charge, it often passes without incident through 
biological matter.
The sequence of particle interactions with the compos­
ite, from cosmic ray penetration to thermal neutron absorp­
tion, results in radiation damage. Specifically, the high 
energy nucleons easily cleave much lower energy chemical 
bonds. Aside from the initial severed linkages, cosmic ray 
interactions also create reactive by-products such as free 
radicals and ions which can damage non-irradiated areas by 
diffusing through the matrix. Additionally, gamma-ray 
interactions cause some damage through pair production and the 
photoelectric effect.
Structural features of the epoxy matrix, however, serve 
to limit damage and maintain polymeric integrity. The high
bonding energies of the epoxy phenyl units greatly inhibit
\
cleavage of the main chain. Charges and radicals that are 
generated in the phenyl rings or in the crosslink sulfonyl 
segment are made less damaging since they are both confined to 
these subunits and their reactivities are decreased through
8
delocalization. Additionally, the high density and extensive 
reticulation of the matrix physically impedes the diffusion of 
radiolysis by-products.
1.4 Aerospace Applications
The excellent mechanical and nuclear properties of 
boron-epoxy composites recommend them for use in aerospace 
construction. Their capacity to withstand sustained stress 
and temperature extremes lends itself to high performance 
applications, while their ability to absorb and moderate 
nucleons gives them the ability to neutralize particulate 
radiation. Additionally, their extensively crosslinked matrix 
allows them to suffer and recover from moderate structural 
damage and still maintain integrity and function. The 
combination of properties exhibited by these composites 
parallels the needs of the aerospace industry. Specifically, 
the development of commercial high altitude aviation, together 
with plans for long-term space habitation and manned inter­
planetary travel, necessitate the development of materials 
able to withstand and insulate against reentry stresses and 
prolonged solar heat exposure, and to protect passengers and 
equipment from stellar and atmospheric radiation.
A principal danger arising from prolonged space
9
habitation is continuous exposure to cosmic radiation.13 
Cosmic rays are by-products of stellar fusion and consist 
chiefly of alpha particles and protons accelerated to GeV 
energies by high energy processes such as solar flares, 
nebular activity, and supernovas.1415,16 The tremendous pene­
trating ability conferred by these energies makes this 
radiation both potentially hazardous to passengers and 
damaging to microelectronic-based technology. The major 
threat cosmic radiation presents to personnel is identical to 
that posed by prolonged exposure to radioactive decay sources, 
the ability of particulate radiation to cause massive cell 
death through membrane perforation. Prolonged exposure would 
be especially damaging to the nervous system, which is 
composed of nonregenerative cells, and could lead to the 
irreversible impairment of motor skills, sensory perception, 
and cognitive functions. Cosmic radiation can disable 
equipment by disrupting logic element operations, thereby 
compromising data processing and storage, which in turn could 
lead to the failure of crucial systems and hardware such as 
navigation, communications, and life support.17
Near space and upper atmospheric travel also exposes 
passengers and equipment to potentially hazardous radiation. 
While greater proximity to the Earth diminishes, through 
atmospheric shielding, the threat posed by stellar emissions,
10
it also creates new sources of radiation. Specifically, long 
duration travel in the stratosphere, thermosphere, and in near 
space would entail exposure to albedo particles, MeV range 
ions produced by interactions between cosmic rays and atmo­
spheric molecules.18 These concerns are especially pertinent 
to the operation of the proposed Aerospace Plane, a hypersonic 
commercial transport intended to provide rapid, high volume 
interhemispheric travel through the upper atmosphere.
1.5 Non-Cosmic-Ray Shielding Applications
Epoxy-boron composites have a wealth of potential 
applications apart from cosmic ray protection. The most 
promising of these is neutron shielding. Boron-impregnated 
epoxys are particularly attractive for nuclear shielding since 
the combination of epoxy and boron produces materials 
possessing good neutron-moderating ability, as well as 
superior heat and stress resistance. Additionally, the good 
processing qualities of epoxy resins and the consequent ease 
in fabrication enlarges the sphere of possible applications by 
facilitating the comparatively inexpensive manufacture of a 
wide variety of lightweight, compact and intricate shapes and 
components.
A particularly promising application for epoxy-boron
11
composites is neutron shielding for nuclear submarines. The 
properties of epoxy materials lend themselves to use in a 
shipboard environment, where extremely limited space, together 
with the need to minimize ballast, necessitates the use of 
compact, lightweight components. Moreover, the compact 
interior of the vessel, together with the lengthy duration of 
submarine patrols, confines personnel for extended periods to 
the immediate vicinity of the reactor, increasing the danger 
of harmful exposure. The obvious necessity of diminishing 
this risk encourages the replacement of traditional shielding 
techniques with more advanced, potentially efficient materials 
such as epoxy-boron composites. Finally, the need for reactor 
shields and containments to withstand immense pressures in the 
event of hull rupture again recommends the use of rugged, 
stress resistant materials such as boron-impregnated epoxys.
Many of the same properties that recommend epoxy-boron 
composites to the Navy also make them attractive candidates 
for aerospace nuclear shielding. Currently, spacecraft such 
as the Galileo and Voyager probes, which operate in the outer 
solar system, rely on radioisotopic thermal generators (RTGs) 
for power. As with personnel, electronic equipment must be 
shielded from damaging nuclear emissions. The standard method 
of protection, as used on the Voyager missions, isolates the 
RTGs by placing them at the end of a long boom projecting from
12
the instrumental section of the craft.19 This strategy, 
however, buys protection for scientific hardware with in­
creased assembly and launching costs. If shielded by compact 
and efficient materials such as boron-epoxy composites, the 
RTGs could be placed in closer proximity to the instrumenta­
tion, thereby either shortening or eliminating the boom and 
substantially trimming mission costs.
Many possible applications for boron-epoxy composites 
also exist in the commercial nuclear industry. Resent studies 
revealing the hazards of low-energy radioactive decay products 
to mammalian cell membrane integrity underscore the importance 
of superior shielding materials for the future of civilian- 
sector nuclear technology.20 In a similar vein, boron impreg­
nated epoxys could be used as coatings to protect personnel 
performing work requiring prolonged exposure to high radia­
tion, such as the Chernobyl cleanup and sarcophagus construc­
tion operations.
Finally, boron-epoxy materials have direct military 
applications. During the Reagan administration a concerted 
effort was made to develop methods and materials whereby 
electronic hardware could be "hardened" against nuclear 
attack. This effort was lent urgency by the development and 
deployment of high neutron flux generating weapons (i.e.,
13
neutron bombs), Third Generation nuclear weapons modified for 
enhanced nucleonic output, and directed energy weapons such as 
proton-based particle beams.21,22 Materials capable of protect­
ing electrical apparatus from such weapons would require 
superior nucleonic absorption capacities, resilience against 
stress and temperature extremes, and the ability to sustain 
some damage without losing shielding effectiveness. Boron-ep­
oxy composites appear to be plausible candidates.
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Figure 1.1 Tetraglycydyl Ether of Methylene Dianiline (TGMDA)
Figure 1.2 Diaminodiphenyl Sulfone (DDS)
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Chapter II 
Experimental
2.1 Dynamic Mechanical Analysis: Principles
Dynamic mechanical analysis (DMA) measures changes in 
material mechanical properties as a function of temperature. 
Specifically, the sample is vibrated by being subjected to a 
continuous series of alternating tension and compression 
stresses, while its temperature is raised over a programmed 
interval. The tensile and compression forces in turn create 
shear stresses, with the overall effect being the generation 
of mechanical waves which propagate through the sample. The 
physical basis of DMA can be illustrated through the detailed 
examination of the different stresses and the manner and order 
in which they are imparted to the sample. During the experi­
ment, the sample is suspended horizontally between two force 
suppliers, or arms. One of the arms, referred to as the 
driven arm, actively vibrates, while the other, the free arm, 
takes up its motion, sometimes resulting in a change in the 
direction of the applied force. An oscillation cycle is 
initiated when the driven arm swings towards the sample, 
compressing it. The free arm takes up the motion, placing the 
sample under tension once the driven arm has swung through its
19
entire arc. The driven arm then swings in the opposite 
direction, maintaining the sample under tension. When the 
driven arm has returned to its starting position the free arm 
again takes up the motion, this time reinstating compression 
and completing the oscillation cycle. While the sample is 
subjected to stresses from the arms, its temperature is raised 
at a programmed rate until a predetermined temperature is 
reached, at which point the experiment is terminated.
Structural changes produced by heating alter the over­
all material stress response and mechanical wave charac­
teristics. These changes are reflected in changes in the 
values of parameters such as engineering strain (L -Lo)/Lq, 
where Lq is the original length of the sample and L is the 
length of the sample during stress application; yield stress, 
the stress required to produce plastic deformation; Poisson's 
ratio, the ratio of strain to lateral contraction; tensile 
stress, the stress required to initiate elongation; relaxation 
time, the time required for the stress to decrease to 0.37 of 
its initial value; and creep, the tendency of a sample to 
exhibit viscous flow while under a constant stress.1,2,3 
Additionally, wave characteristics such as oscillation 
frequency are also altered.
The changes in stress response derive from changes in
20
the material response to imparted mechanical energy. When 
work is performed on a material, dimensional change, or 
deformation, occurs. The energy responsible for the deforma­
tion is either stored within the sample or dissipated as heat. 
When stored, the energy is used by the material to retain its 
shape. However, when the energy is lost to the surroundings 
through heat dissipation, insufficient energy is available to 
return the sample to its original shape and the deformation is 
permanent. Thus, the susceptibility of a given material to 
either plastic or elastic deformation is a function of the 
extent of energy storage versus dissipation. The degree to 
which each process occurs in a sample determines the extent of 
plastic deformation. A sample which stores all mechanical 
energy would suffer no fatigue or wear, would behave like an 
extremely rigid solid, and would be extremely susceptible to 
brittle fracture. By contrast, a sample which retained no 
energy would be thoroughly malleable and exhibit the proper­
ties of a viscous liquid. In practice, most materials exhibit 
some degree of both processes. Energy storage is equated with 
material stiffness and rigidity, while dissipation is referred 
to as damping.4 Since heat dissipation usually occurs through 
thermal motion, and the mobility of chemical species is 
usually inversely proportional to their molecular weight, 
increases in damping are useful indicators of degradation and 
are therefore useful in assessing damage due to environmental
2 1
insults such as radiation exposure.
2.2 Dynamic Mechanical Analysis: Quantities
DMA represents changes in mechanical wave pattern and 
energy deposition with a series of measured and derived quan­
tities which are also expressive of structural change. The 
directly measured quantities consist of the oscillation 
frequency and the damping. The derived quantities consist of 
the components of the complex tensile modulus and the tan(£) 
function, all of which describe the transformation of mechani­
cal energy within the sample. The real term in the complex 
tensile modulus, the storage modulus, (E'), indicates vibra­
tional energy stored by the sample, therefore describing 
material stiffness, while the imaginary term, the loss modulus 
(E”) , is a function of damping. The terms of the complex 
tensile modulus are related to the equivalent terms of the 
complex shear modulus by an expression which illustrates the 
relationship between tensile and shear stresses: E"/E' =
Gn/G' , where G* is the shear storage modulus and G" is the 
shear loss modulus.5 These quantities express energy storage 
and dissipation, respectively, due to shear stress. The shear 
loss modulus is related to the total heat dissipated per 
oscillation cycle by the expression: H = nGuyq , where H — heat 
produced per cycle and 70 = maximum shear strain per given
22
cycle.6 Both terms of the complex shear modulus are related 
to sample stress and strain by the expression: o = e0G* sin (cot) 
+ e0G”cos(«t), where a = stress at time t, e0 = strain at time 
t, and wt is the phase angle, which expresses the time delay 
between applied stress and resultant strain. The tan(5) 
function, in which S is the phase angle, is the ratio of the 
complex tensile or shear terms (E"/E ' or GM/G*, 
respectively).7 This function also illustrates the
relationship between recovery time and mechanical energy 
transformation,i.e., the greater the extent of energy loss 
through heat dissipation, the longer the time required for 
strain removal.
The quantities directly measured by DMA are used to 
calculate the material glass transition temperature (Tg) . In 
experimental and engineering applications this temperature is 
often considered the point of structural failure since it 
denotes the onset of viscoelastic behavior. Viscoelasticity 
refers to a combination of elastic and plastic deformation 
experienced by polymers at elevated temperatures and is marked 
by an acute decrease in rigidity, a dramatic increase in flow 
tendency, and the general loss of dimensional stability.8 The 
preliminary stages of viscoelastic behavior are noted by the 
extensive loosening of polymeric main chains, which in turn 
facilitates the movement of side groups and maximizes damping.
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Since both Tg and the damping maximum are closely correlated 
with viscoelastic onset, these values are often used 
interchangeably. While this practice is an extremely 
efficient method for correlating material behavior with 
structure and environmental exposure, it produces values that 
typically do not closely correspond to those obtained through 
means such as differential scanning calorimetry. Since 
viscoelastic onset is also characterized by an abrupt decrease 
in oscillation frequency, the point at which the measured 
frequency changes inflection is also frequently identified 
with the Tg. This method yields Tg values in better agreement 
with those obtained through other methods. However, since the 
inflection point is usually located manually through the 
construction of tangents, this practice could lead to greater 
random error. This method for determining Tg is illustrated 
in Figure 2.1.
2.3 Dynamic Mechanical Analysis: Apparatus
The DMA apparatus at the NASA Langley Research Center 
consists of two Du Pont manufactured units: the 980 DMA module 
and the 1090 thermal analyzer. The DMA module is the part of 
the equipment where the physical portions of DMA experiments 
are performed. Three sections comprise this machine. The most 
prominent section is the large, oblong cylinder which encloses
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the sample. Lining its interior are resistive coils which 
provide heat for the experiment and fibrous insulating 
material to maintain a constant temperature during the 
experiment. Projecting into the cylinder are two
pivot-mounted mechanical arms which both support and impart 
force to the sample. As stated previously, one arm, termed 
the driven arm, actively vibrates, while the other arm takes 
up its motion.
The arm pivots and the driven arm motor are housed in 
a lid-accessed rectangular enclosure at the cylinder end 
opposite the sample. When not in use, each arm is locked in 
place by a screw fitted to a metal toggle within the enclo­
sure. Both arm-containing divisions are mounted on the base 
section, which contains mode controls and an oscillation 
frequency display. The 980 can be connected to a coolant 
source (usually liquid or cold gaseous nitrogen), which 
significantly increases experimental productivity by dramati­
cally decreasing turnover times between runs.
The function of the 1090 thermal analyzer is to control 
the 980 module. The base of the unit consists of two disk 
drives, a "read only" drive used to program the apparatus and 
a drive used for storing experimental data. Mounted on the 
drive section is the control section, which contains a
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modified alphanumeric keypad and a data display screen. Above 
the controller is a plotter consisting of rack mounted pen and 
a statically charged paper holder. The plotter is capable of 
presenting data in either graphical or tabular format. The 
1090 thermal analyzer can also download experimental data to 
files on a desktop computer. The DMA module is pictured in 
Figure 2.2 and the DMA thermal analyzer is pictured in Figure 
2.3.
2.4 Boron-Impregnated EA 934 Epoxys
All samples were synthesized from ICI-supplied mixtures 
of TGMDA and DDS by Dr. Michael K. Glasgow during his tenure 
as a graduate student in the Applied Science Department of The 
College of William and Mary. Specifically, Dr. Glasgow used 
two methods of fabrication to incorporate the boron additives 
and to induce curing. In the first method the TGMDA-DDS 
mixture was ground to a fine powder, while frozen to inhibit 
premature reticulation. The boron particles were then added 
and the components thoroughly mixed. The mixture was subse­
quently placed in a mold and heated to room temperature, after 
which the curing cycle was initiated. Since clumping of the 
additives was observed during the mixing process, Dr. Glasgow 
also used a second procedure, in an attempt to produce a more 
homogeneous material. In this procedure, the TGMDA-DDS
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mixture was first converted to a low viscosity liquid through 
warming. The boron powders were subsequently added during 
mechanical agitation of the fluid, after which the mixture was 
cured. Moderate clumping of the additives during incorpora­
tion into the resin was still observed, however. In both 
procedures, the epoxy was cured by heating it to 100 degrees 
Celsius for one hour, after which it was heated at 177 degrees 
for one hour.
2.4 a EA 934 Epoxy with 10% Boron
This composite contains 0.60 micrometer diameter 
amorphous boron particles that comprise 10% of its total 
weight. The particles were supplied, in the form of a 
brown-black powder, by the Johnson Mathey Company. The 
addition of the inorganic phase both enhances and weakens 
desirable mechanical properties. Specifically, elemental 
boron is strong under tension but weak under compression, and 
imparts these qualities to the polymer matrix, strengthening 
its resistance to compression, while diminishing its ability 
to withstand high tensile stresses. Load-bearing capacity is 
also adversely affected by difficulties in the synthetic 
process. Boron powder exhibits clumping in the liquid resin. 
The cohesive tendencies promote the conglomeration of the 
powder granules, producing larger particles, which form from
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fused powder grains. Resin liquid is prevented from reaching 
the interiors of these masses, which produces incomplete 
wetting of the particulate and promotes fracturing under 
tension. This tendency is somewhat offset, however, by the 
ability of the particles to diminish fracture propagation 
length.
Amorphous boron also introduces a potential source of 
chemical weathering. Amorphous boron is prone to chemical 
decomposition above 110 degrees Celsius. During decomposition 
the powder reacts with water, producing boric acid.
2.4 b EA 934 Epoxy with 2 0% Boron
This material possesses mechanical and chemical 
properties similar to those of the 10% boron composite, but 
with significantly enhanced nucleon absorption capacity due to 
the doubling of its boron content. This material also, 
however, suffers greater mechanical weakening due to clumping 
effects.
2.4 c EA 934 Epoxy with 10% Mixed Boron Particles
This composite contains an equal mixture of 0.6 
micrometer amorphous and 250 micrometer crystalline boron
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particles. Both additives, in the form of black-brown 
powders, were supplied separately by the Johnson Mathey 
Company. Together, the masses of the two kinds of boron 
particles comprised 10% of the total sample weight.
This composite possesses the same nuclear characteris­
tics as the composite containing 10% amorphous boron, but has 
superior mechanical and chemical properties. Crystalline boron 
is significantly harder than amorphous boron, and therefore 
endows the matrix with superior compression strength, with 
less decrease in tensile strength. Crystalline boron is also 
more resistant to chemical decomposition at elevated tempera­
tures. Additionally, mixing crystalline and amorphous boron 
serves to reduce clumping tendencies.
2.4 d EA 934 Epoxy with 2 0% Boron Carbide
This material contains crystalline boron carbide 
particles with diameters ranging from 20 to 44 micrometers. 
Crystalline boron carbide possesses mechanical and chemical 
properties that are similar to those of crystalline boron. 
However, since most of the particulate phase is composed of 
carbon, the nucleon absorption capacity of this material is 
inferior to that of the composite containing 20% amorphous 
boron.
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2.5 Experimental Procedure
All samples were labelled with a whole number on one of 
their faces. The number was part of a series which correlated 
sample with particulate composition (ex: #31-3 6: 10%B, mixed 
particle sizes) and specified irradiation status. The labels 
were applied with a white Pentel™ marker.
The samples were dried to constant weight in an oven 
under vacuum at approximately 80 degrees C. Prior to weigh­
ing, each sample was cooled in a vacuum desiccator for about 
3 0 minutes to minimize condensation. While in either oven or 
desiccator each sample was stored separately in a 30 mL glass 
beaker and, throughout the experiment, was manipulated with 
metal tweezers. All dimensional measurements made to either 
the samples or the DMA apparatus were made using digital 
calipers.
Upon attaining room temperature, each sample was 
weighed using an electronic digital balance and its length, 
(approximately 2.5 inches) width (approximately 0.5 inches) 
and thickness (approximately 0.1 inches) were measured. The 
sample was then installed in the arms of the DMA module using 
a straightened paperclip to align the sample horizontally and
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a torque wrench to tighten the sample-holding screws on the 
arms. The distance between the arms was then measured, the 
heating cylinder replaced and the arm locks removed.
After sample installation the thermal analyzer was used 
to access the DMA operating program, perform the startup 
procedure and commence the run. Upon completion of the run 
the analyzer was used to print two graphical representations 
of the experimental data, one correlating time, frequency, and 
damping with temperature, and the other correlating storage 
modulus, loss modulus, and tan(5) with temperature. Manually 
drawn tangents were used to obtain the glass transition 
temperature from the frequency curve (see Figure 2.1). A 
desktop computer was then used to download the data from the 
thermal analyzer to an ASCII file. The data were subsequently 
transferred to a speadsheet, Quattro Pro, where final graphs 
were produced.
2.6 Irradiation Procedure
Samples selected for irradiation were affixed to a 12” 
x 12" x 1/4" square aluminum plate with aluminum strips. The 
samples were placed with their labeled sides down and were 
arranged in two horizontal rows. The top row contained twelve
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samples, while the bottom row contained six. The samples were 
attached to the plate with three long aluminum strips which 
covered the top and bottom edges of the labelled faces. One 
strip held the bottom of the upper row and the top of the 
lower row, while the others held the tops and bottoms of the 
upper and lower rows.
The plate with affixed samples was placed in the vacuum 
chamber of an electron accelerator and was irradiated with 1 
MeV electrons continuously over 20 hours. The total plate 
area irradiated by the accelerator beam was a 10" diameter 
circle. The rate of absorption was 5 x 107 rads/hr, giving 
each sample a dose of approximately 1 x 109 rads, where 1 rad 
equals 0.01 joules absorbed per kilogram of sample.9
Before and after irradiation the sample-bearing plate 
was stored in a seal-locked plastic bag to minimize water and 
dust contamination.
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Figure 2.2 Du Pont 980 DMA Module during 
Sample Installation
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Chapter III 
Results and Discussion
3.1 Analysis of Tg Values
3.1 a Controls
When tabulated according to sample composition, as 
shown in Table 3.1, the Tg values for the controls reveal five 
distinct ranges possessing significant overlap. The controls 
were regrouped into three new divisions (pure epoxy and 
amorphous boron, 10% amorphous and 10% mixed boron, and 20% 
amorphous and 2 0% boron carbide) in order to assess the 
effects of varying gross boron content and crystallinity on 
material properties. These data are shown in Tables 3.2 
through 3.4. Data analysis was further aided by deriving and 
graphing the averages of the indicated control ranges, as 
shown in Figure 3.1.
A comparison of the averages for the Tg ranges of the 
virgin epoxy and the 10% and 20% amorphous boron controls 
reveals an overall elevation in Tg, corresponding to increas­
ing boron content. This trend presumably correlates decreased 
molecular mobility within the matrix with overall stiffening 
of the composite stemming from increasing particulate concen­
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tration. Also significant is that the difference between the 
average Tg's of the pure epoxy and the 10% amorphous compos­
ite is twice that between the 10% and 2 0% composites. This 
result can be rationalized by postulating that clumping among 
the boron particles increases with increasing additive 
concentration. If correct, this tendency indicates that, at 
greatly elevated boron content, enhanced stress resistance 
would be significantly offset by material weakening stemming 
from poor interphase cohesion between the inorganic phase and 
the matrix, resulting from diminished wetting of the additives 
by the liquid resin.
A comparison of the averages of the Tg values for the 
10% amorphous and the 10% mixed boron controls revealed a 
difference approximating that between those of the 10% and 20% 
amorphous groups. This similarity across differences in 
overall boron content and in phase composition presumably 
results from elevated material stiffness, which in turn 
derives from enhanced particulate hardness through increasing 
crystallinity. This trend indicates that, over a limited 
range, increasing the crystallinity of preestablished quanti­
ties of boron and raising overall amorphous boron content 
produce equivalent material hardening. By contrast, the 
average Tg of the controls containing 20% boron carbide 
decreased compared to that of the 2 0% amorphous controls.
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This effect can possibly be attributed to the overall increase 
in particle size (20-40 microns for boron carbide, compared to 
0.6 microns for amorphous boron and 250 microns for crystal­
line boron) and to the increase in particulate density (boron 
carbide = 2.52 grams/cm3, amorphous boron = 2.35 grams/cm3, 
crystalline boron = 2.37 grams/cm3. Since less of the additive 
mass is directly connected to the matrix due to increased 
density and decreased particulate surface area, the overall 
result, combined with clumping effects, is to reduce material 
stiffness.
3.1 b Controls vs. Irradiated Samples
Three results were derived through a comparison of the 
average Tg's of the irradiated samples with those of the 
controls, as shown in Figure 3.2. Irradiation decreased the 
average Tg of the pure epoxy by 2 percent, increased that of 
the samples containing 20% amorphous boron by 1.7 percent, and 
had negligible effects on the Tg's of the samples containing 
mixed boron, 10% amorphous boron, or boron carbide. These 
results can be partially attributed to particulate effects. 
In particular, the rigid particulate phase can inhibit 
radiation effects both through collision (stopping electrons 
or reducing their energies through momentum transfer) and by 
inhibiting the motion of cleaved linkages, thereby promoting
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recombination. Thus the pure epoxy samples suffered greater 
radiation damage than did those containing additives. Also, 
since the boron species are added to the resin prior to 
curing, it is reasonable to conjecture that relatively high 
additive concentrations, known to impede molecular motion, 
might inhibit crosslink formation. Owing to its high 
particulate surface area and low intra-particle density, the 
20% amorphous group probably (neglecting clumping effects) 
possesses the greatest degree of direct particle-matrix 
interaction, so that this group would experience the greatest 
decrease in thermal curing. Therefore, the increased average 
Tg of the 20% amorphous group might result from substantial 
radiation-induced curing. The frequency vs. temperature 
curves for selected controls and irradiated samples for all 
five types of material studied are shown in Figures 3.3 to 
3.7.
3.2 Analysis of Maximum Damping Values
3.2 a Controls
As with the averages of the Tg's, the averages of the 
damping maxima for the virgin epoxy, 10% and 2 0% amorphous 
boron composites increased with increasing boron content as 
shown in Figure 3.8. However, the difference between the 
average damping values for 20% amorphous boron samples and the
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10% amorphous boron samples was twice that of the difference 
between the average damping values for the 10% amorphous 
samples and the pure epoxy samples. This result can be 
rationalized by invoking the hypothesis that higher concentra­
tions of smaller sized particulates, when incorporated into 
the liquid resin prior to curing, can impede crosslink 
formation. Thus, the samples of the 20% amorphous group, 
which exhibit the greatest amount of direct matrix-particle 
interaction, also contain the largest quantity of incompletely 
cured TGMDA monomers and DDS units, i.e., molecular "loose 
ends". Therefore, the onset of viscoelastic behavior in this 
group is accompanied by substantially greater heat dissipa­
tion, owing to the motions of lower molecular weight species, 
than is the case for the 0% and 10% groups.
An alternate, or joint, hypothesis considers the 
coupling of matrix and particulate motion. Since the parti­
cles are not chemically bound to the matrix, movement by 
polymer chains and crosslinks presumably induces particle 
displacement. Friction and collision of the moving particles 
amongst themselves and with the matrix both directly dissi­
pates heat through friction and produces further molecular 
motion. Logically, the magnitude of these effects is directly 
proportional to the number and concentration of particles in 
the sample. This trend directly correlates the amount of
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boron in the three amorphous groups with the approximate sizes 
of their damping maxima averages.
The coupling of particulate and polymer motion can also 
be invoked to explain the differences between the averages for 
the damping maxima for the composites containing crystalline 
phases and those containing amorphous material. Since the 
crystalline particles are substantially larger than their 
amorphous counterparts, they are also comparatively immobile 
and induce comparatively less heat dissipation and polymer 
motion. Thus, the composites containing 10% mixed boron and 
20% boron carbide experience less damping at viscoelastic 
onset than do those containing completely amorphous inorganic 
phases. Additionally, since the crystalline particles are 
larger than the amorphous particles, the crystalline compos­
ites contain fewer particles than the amorphous composites. 
Taken together, the differences between the quantities and 
sizes of the particles in the different groups explain the 
sizable difference between the averages of the damping maxima 
for 20% boron carbide and 20% amorphous boron samples, as 
opposed to that of the 10% boron samples.
3.2 b Controls vs. Irradiated Samples
Irradiation decreased the average damping maximum for
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most of the groups by approximately equal amounts as shown in 
Figure 3.9. This overall decrease can be rationalized by 
assuming that all of the samples contained sizable quantities 
of incompletely reacted TGMDA monomers and DDS units (again, 
"loose ends") which were crosslinked either by irradiation or 
by heating during the DMA procedure. Greater crosslinking 
increased material rigidity and therefore decreased damping. 
This assumption is also substantiated by the general increase 
in sample brittleness observed in the wake of both irradiation 
and of the DMA procedure. The greater magnitude of the 
damping maximum depression observed for the 20% amorphous 
boron samples can possibly be attributed to greater quantities 
of incompletely reacted organic species, resulting from 
additive-resin interactions during curing. The damping vs. 
temperature curves for selected control and irradiated samples 
for all five types of materials studied are shown in Figures 
3.10 to 3.14.
3.3 DMA-induced Effects
Macroscopically observed effects, together with damping 
information, suggest that the DMA procedure itself produces 
material changes. Specifically, increased sample brittleness, 
previously ascribed to irradiation, was also observed in many 
of the controls following completion of the analysis. This
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corresponded with the data obtained when a previously analyzed 
sample was examined for a second time, displaying a sizable 
decrease in its damping maximum and its frequency over that 
shown after its first run. This is shown in Figures 3.15 and 
3.16. These data, like that concerning irradiation, presum­
ably reflect post-fabrication crosslinking, in this case 
produced by the heat from the DMA experiment.
44
Table 3.1 Sam ples Examined with DMA
Sample# Con/lrrad
13 Control
8 Control
7 Control
11 Control
1 Control
12 Control
16 Irradiated
15 Irradiated
14 Irradiated
18 Control
21 Control
4 Control
3 Control
19 Control
20 Irradiated
22 Irradiated
17 Irradiated
27 Control
zo Control
5 Control
6 Control
26 Control
24 Irradiated
28 Irradiated
25 Irradiated
Composition
Pure Epoxy 
Pure Epoxy 
Pure Epoxy 
Pure Epoxy 
Pure Epoxy 
Pure Epoxy 
Pure Epoxy 
Pure Epoxy 
Pure Epoxy 
10% A morph. B 
10% Amorph. B 
10% Amorph. B 
10% Amorph. B 
10% Amorph. B 
10% Amorph. B 
10% Amorph. B 
10% Amorph. B 
20% Amorph. B 
20% Amorph. B 
20% Amorph. B 
20% Amorph. B 
20% Amorph. B 
20% Amorph. B 
20% Amorph. B 
20% Amorph. B
Tg DampMax
193 172.6
218 177.7
220 181.8
199 172.9
195 171
200 181
204 136.4
197 149.4
199 151.1
225 173.4
217 206.9
215 179.1
218 197.4
219 208.4
216 164
218 161.9
222 162.4
230 256
226 236
225 210.9
224 212.7
230 222.9
228 164
231 207.3
234 191.9
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Table 3.1 (Cont-)
Sample# Con/lrrad
43 Control
33 Control
48 Control
31 Control
47 Control
35 Control
30 Control
46 Irrradiated
34 Irradiated
36 Irradiated
44 Irradiated
32 Irradiated
45 Irradiated
38 Control
40 Control
37 Control
41 Irradiated
39 Irradiated
-?£_ Irradiated
Composition
10% B Mix 
10% B Mix 
10% B Mix 
10% B Mix 
10% B Mix 
10% B Mix 
10% B Mix 
10% B Mix 
10% B Mix 
10% B Mix 
10% B Mix 
10% B Mix 
10% B Mix 
20% B- Carbide 
20% B Carbide 
20% B Carbide 
20% B Carbide 
20% B Carbide 
20% 3 Carbide
Tg DampMax
226 153.2
228 194.4
223 195.1
229 157.9
226 184.1
228 196.4
227 208.7
231 150.8
228 156.2
223 165.8
228 158.2
228 157.5
226 157
222 230.2
220 221.8
225 191
223 183.3
221 186.3
224 189
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Table 3.2 Comparison of Tg's and Damping 
Maxima for Am orphous Boron Controls
Sample# % B Tg DampMax
7 Control 0 220 181.8
8 Control 0 218 177.7
13 Control 0 193 172.6
11 Control 0 199 172.9
12 Control 0 200 181
1 Control 0 195 171
21 Control 10 217 206.9
3 Control 10 218 197.4
18 Control 10 225 173.4
19 Control 10 ,219 208.4
4 Control 10 215 179.1
26 Control 20 230 201.5
23 Control 20 226 236
6 Control 20 224 212.7
27 Control 20 230 256
5 Control 20 225 210.9
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Table 3.3 Comparison Of Tg's and Damping Maxima 
for 10% Amorphous Boron Controls and 
10% Mixed Boron Controls
Sam ple# Phase Tg DampMa
21 Control Amorphous B 217 206.9
3 Control Amorphous B 218 197.4
13 Control Amorphous B 225 173.4
19 Control Amorphous B 219 208.4
4 Control Amorphous B 215 179.1
31 Control B Mix 229 157.9
43 Control B Mix 226 153.2
48 Control B Mix 223 195.1
35 Control B Mix - 228 196.4
30 Control B Mbc 227 208.7
33 Control B Mix 228 194.4
47 Contrci B Mix 226 184.1
Table 3.4 Comparison of Tg's and Damping Maxima 
for 20% A m orphous Boron C ontro ls  and 
20% Boron Carbide Controls
Sample# Phase Tg DampMa
26 Ccnrrol Amorphous B 230 201.5
23 Control Amorphous B 226 236
6 Control Amorphous B 224 212.7
27 Control Amorphous B 230 256
5 Control Amorphous 3 225 210.9
40 Control Boron Carbide 220 221.8
38 Control Boron Carbide 222 230.2
37 Control 3oron Carbide 225 191
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Chapter IV 
Conclusion
1.4 Summary
The quantity, size, and phase of inorganic additives 
significantly affect the strength of boron-epoxy composites. 
Greater overall quantities of boron enhance material stiff­
ness, although this effect is offset at higher amounts by 
clumping effects. Smaller sized grains increase the surface 
area of the inorganic phase and thereby strengthen the 
composite by permitting greater direct mechanical interaction 
between the particulate and the matrix. Finally, crystalline 
particles possess greater elastic moduli than amorphous 
particles, and thus lend superior stiffness to boron-epoxy 
composites.
Sustained 1 MeV electron irradiation is detrimental to 
material mechanical properties. Specifically, absorption of 
1 x 109 rads produces a substantial increase in material 
rigidity and a concurrent loss in flexibility, both of which 
serve to decrease stress and impact resistance. The deterio­
ration in desirable mechanical properties is correlated 
experimentally with dramatic decreases in damping maxima and
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with noticeable tactile brittleness. Furthermore, the sample 
brittleness observed in the wake of the DMA procedure indi­
cates that irradiation also diminishes resilience to elevated 
temperature extremes. Finally, the amount of radiation damage 
sustained, while largely uniform across composition, increased 
at high amorphous boron concentrations, presumably reflecting 
dumping-induced material defects.
4.2 Future Directions
A promising subject for future inquiry concerns the 
investigation of pre-viscoelastic boron-epoxy transitions. 
The present study revealed, in addition to Tg related data, a 
local damping maximum, presumably correlated with one or more 
specific molecular motions, situated substantially before 
viscoelastic onset (see Figure 4.I).1 In the present study 
neither the appearance nor the size of the peak displayed any 
correlation with sample composition. A more revealing study 
of this phenomenon might involve the study of the damping 
process within samples of like composition, again irradiated 
with 1 MeV electrons over 2 0 hours, but with substantial 
alterations in the DMA procedure. Specifically, the runs 
would be confined to the pre-Tg range, the rate of temperature 
elevation decreased (for example, 1 degree per minute as 
opposed to the current five) and the startup frequency
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increased in order to increase the damping, for the purpose of 
magnifying the desired region. The proposed study would be 
combined with an inquiry into the identity of the molecular 
processes underlying the phenomenon, and would also attempt to 
correlate this information with Tg values, sample brittleness, 
and other data indicative of alterations in material mechani­
cal properties.
Other material characteristics suggest more extensive 
alterations to the experimental procedure and the research 
goals. For example, the substantial increase in material 
ability to withstand compression conferred by hard particula­
tes suggests the replacement of DMA, which evaluates tensile 
strength, with weight-based compression tests capable of 
revealing how resistance to compaction is altered by composi­
tion and irradiation. Additionally, the use of procedures 
such as thermal mechanical analysis to examine how irradiation 
and composition affect material resistance to temperature also 
offers promise.
The macroscopic characteristics observed in the 
irradiated samples offer yet another area of potentially 
fruitful inquiry. The darkening observed in many of the 
irradiated samples suggests that 1 MeV electrons tend to 
cleave chemical bonds homolytically, producing sizable numbers
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of long-lived free radicals. Such darkening has been observed 
previously.2 Electron spin resonance could be employed to 
test this hypothesis and also to qualitatively characterize 
secondary damage produced by these species. In a similar 
vein, projectile-based impact tests could be utilized in order 
to quantitatively determine the extent of irradiation-induced 
brittleness.
The results of the present study suggest future 
synthetic goals. Since clumping effects may significantly 
detract from particulate-induced strengthening, a more durable 
composite might contain boron in the matrix as well as in 
particle form. Specifically, the path undertaken by William 
and Mary graduate Beth Ogura, to chemically attach boron to 
the matrix through the use of carboranes, could be combined 
with the current approach to produce a novel class of compos­
ites which would contain approximately half of their boron in 
the particulate phase and half in the matrix, and which would 
consequently be less susceptible to clumping effects. 
Alternately, boron could be incorporated into the matrix in 
the form of fibrous additives, which generally provide 
superior material strengthening to particulates. Additionally, 
since the present study indicates that 1 MeV electron radia­
tion produces significant material damage, a sensible protec­
tion strategy would be to incorporate electron absorbing
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materials into the composite alongside the boron.
Finally, future experiments should include changes in 
the species and energies utilized in irradiation. In order to 
better simulate the demanding conditions specified in many of 
the proposed applications, boron-epoxy samples should be 
subjected to electron irradiation in the high MeV and GeV 
ranges. Also, since these applications generally involve 
nucleon absorption, samples such as those used in the current 
study could be subjected to prolonged nucleon irradiation from 
a radioactive decay source or a particle accelerator and be 
subsequently analyzed by DMA or a related technique. The 
ultimate experimental aim should involve evaluating the 
promise of boron-epoxy composites "on the job". Plausible 
experiments might include prolonged exposure of the materials 
to nuclear reactor emissions, incorporating the material into 
a Yucca Flats weapons test, or exposing it directly to cosmic 
radiation during a shuttle mission or aboard the Mir space 
station.
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